The herpes simplex virus type 1 (HSV-1) gH-gL complex which is found in the virion envelope is essential for virus infectivity and is a major antigen for the host immune system. However, little is known about the precise role of gH-gL in virus entry, and attempts to demonstrate the immunologic or vaccine efficacy of gH and gL separately or as the gH-gL complex have not succeeded. We constructed a recombinant mammalian cell line (HL-7) which secretes a soluble gH-gL complex, consisting of gH truncated at amino acid 792 (gHt) and full-length gL. Purified gHt-gL reacted with gH-and gL-specific monoclonal antibodies, including LP11, which indicates that it retains its proper antigenic structure. Soluble forms of gD (gDt) block HSV infection by interacting with specific cellular receptors. Unlike soluble gD, gHt-gL did not block HSV-1 entry into cells, nor did it enhance the blocking capacity of gD. However, polyclonal antibodies to the complex did block entry even when added after virus attachment. In addition, these antibodies exhibited high titers of complement-independent neutralizing activity against HSV-1. These sera also cross-neutralized HSV-2, albeit at low titers, and cross-reacted with gH-2 present in extracts of HSV-2-infected cells. To test the potential for gHt-gL to function as a vaccine, BALB/c mice were immunized with the complex. As controls, other mice were immunized with gD purified from HSV-infected cells or were sham immunized. Sera from the gD-or gHt-gL-immunized mice exhibited high titers of virus neutralizing activity. Using a zosteriform model of infection, we challenged mice with HSV-1. All animals showed some evidence of infection at the site of virus challenge. Mice immunized with either gD or gHt-gL showed reduced primary lesions and exhibited no secondary zosteriform lesions. The sham-immunized control animals exhibited extensive secondary lesions. Furthermore, mice immunized with either gD or gHt-gL survived virus challenge, while many control animals died. These results suggest that gHt-gL is biologically active and may be a candidate for use as a subunit vaccine.
The virion glycoproteins gH and gL are among the few which have homologs in all three classes of herpesviruses (3, 24, 35) . For many of these viruses, gH forms a hetero-oligomeric complex with gL (13, 29, 32, 33, 36, 55, 58) . When herpes simplex virus type 1 (HSV-1) gH is expressed in the absence of gL, it is retained in the endoplasmic reticulum in an antigenically and structurally immature form (12, 25, 46, 48) . The proper processing and transport of gH requires it to be coexpressed with gL as a hetero-oligomer (29) . Thus, gL acts in part as a chaperone for gH. Interestingly, HSV gL contains an N-terminal signal peptide sequence but lacks a hydrophobic transmembrane region (TMR). When gL is expressed in the absence of gH, it is secreted from the cell (9) ; when gL is coexpressed in transfected cells, it is detected on the cell membrane (9) . Likewise, both proteins require each other to be present in the viral envelope (48) .
The conservation of the gH-gL complex among the herpesviruses suggests that it plays a central role in virus infection. In the case of HSV, gH and gL, along with gB and gD, are required for entry into susceptible cells and for cell-to-cell spread of HSV (54) . Viruses lacking the gene for either gH or gL are noninfectious in cell culture (8, 14, 48) . Also, certain monoclonal antibodies (MAbs) against HSV gH have high titers of complement-independent virus neutralizing activity (15, 49, 50) , and some anti-gL MAbs can block virus spread, although they do not neutralize virus (44) . These properties suggest that the gH-gL complex itself should stimulate neutralizing antibody responses in animals and that it might be a useful candidate for a subunit vaccine against HSV. However, the results to date in this regard have been disappointing. Immunization of animals with gH alone (15, 20, 21, 46) , gL alone (3, 21) , or gH-gL (3) induced little or no detectable virus neutralizing activity.
In this study, we decided to reexamine this issue by using a secreted form of the gH-gL complex. Previously, mammalian cells were cotransfected with plasmids which encode fulllength gL and a truncated form of gH, gH(792t) (here referred to as gHt). The latter protein lacked the TMR and cytoplasmic tail. The transfected cells expressed and secreted the gHt-gL complex in a form which was recognized by conformation-dependent MAbs (9) . To carry out more detailed studies, we cotransfected cells with these plasmids and selected a stable cell line, called HL-7, which constitutively expresses and secretes gHt-gL. The complex was purified in the absence of detergents by using immunoaffinity chromatography. Our results indicate that the complex can cubated overnight at 4°C. The plates were blocked with PBS containing 1% bovine serum albumin and 1% ovalbumin. MAbs LP11, 53S, and 37S were each diluted in PBS with 0.05% bovine serum albumin and 0.05% ovalbumin and then added to the ELISA plate to detect gH. After 1 h at RT, the plate was washed three times with PBS-0.5% Tween 20. Goat anti-mouse IgG-horseradish peroxidase conjugate (Boehringer) was added, and the plate was incubated at RT for 30 min. After a rinse with citrate buffer (20 mM citrate acid, pH 4.5), ABTS substrate (2,2Ј-azino-di-3-ethylbenzthiozoline-6-sulfonic acid; Moss, Inc.) was added, and absorbance was read at 405 nm with a microtiter plate reader (BioTek Instruments).
HSV-1 entry assay. Vero cells were seeded onto a 96-well plate and grown to confluence. The plate was cooled at 4°C for 10 min, and viral glycoproteins which had been serially diluted in 5% FBS-DMEM (with 0.03 M HEPES) were added. The medium was removed and replaced with 50 l of a single purified virion glycoprotein and incubated at 4°C for 90 min. Purified HSV-1(hrR3) in 5% FBS-DMEM (2 ϫ 10 4 PFU/ml) was added to each well (MOI was 0.5 PFU/cell) and incubated at 4°C for 90 min to allow for virus attachment. The cells were then incubated for 5 h at 37°C and lysed with 1% Nonidet P-40 in DMEM. Then 50 l of lysate from each well was transferred to an ELISA plate and mixed with 50 l of CPRG (chlorophenol red-␤-D-galactopyranoside; 4.8 mg/ml; Boehringer), and ␤-galactosidase activity was measured by taking absorbance readings at 570 nm every 2 min for a total of 25 readings, using an ELISA plate reader (Bio-Tek). The slope of the line was used to calculate the amount of ␤-galactosidase activity as milli-optical density units/minute.
Immunization of rabbits with gHt-gL. New Zealand rabbits were immunized with gHt-gL mixed with one of two adjuvants. Set I was immunized with gHt-gL (150 g, total) mixed with Freund's adjuvant. The first does was in Freund's complete adjuvant (Sigma), and subsequent injections were given in Freund's incomplete adjuvant. Set II was immunized with gHt-gL mixed with an equal volume of alum adjuvant (Pierce).
Virus neutralization assay. Rabbit or mouse sera were treated at 56°C for 30 min to inactivate complement. Serial twofold dilutions of serum were prepared in DMEM containing 5% FBS and then mixed with an equal volume of HSV-1 or HSV-2 adjusted to give 100 plaques per well in the absence of neutralizing antibody. The virus cell mixture was incubated for 1 h at 37°C, overlaid with medium, and incubated at 37°C for 24 h. The medium was removed, the cells were fixed with a 2:1 mixture of methanol and acetone, and then dried. Plaques were visualized with a cocktail of polyclonal antibodies to gD, gB, and gC by black plaque assay (27, 57) using horseradish peroxidase-conjugated protein A, followed by addition of the substrate 4-chloro-1-naphthol. The neutralization titer was expressed as the dilution of serum that reduced the number of plaques by 50%.
Two assays were used to measure serum blocking (neutralization) of virus entry. In the first (antibody-plus-virus method), each antiserum was mixed with hrR3 (4 ϫ 10 5 PFU/ml) in DMEM containing 5% FBS and 0.03 M HEPES, and the serum-virus mixture was incubated at 37°C for 90 min, cooled to 4°C, and added to Vero cells (96-well plates) (100 l/well). Plates were rocked at 4°C for 90 min and then shifted to 37°C for 5 h. Cells were lysed, and ␤-galactosidase activity was measured on the cytoplasmic extract. In the second assay (antibodyafter-virus method), hrR3 (4 ϫ 10 5 PFU/ml) in DMEM containing 5% FBS and 0.03 M HEPES was added to Vero cells at 4°C for 90 min. The virus was removed and replaced by antiserum diluted in DMEM containing 5% FBS. Plates were rocked at 4°C for 90 min and then shifted to 37°C for 5 h. Cells were lysed, and ␤-galactosidase activity was measured.
Murine flank (zosteriform) model of HSV challenge. A zosteriform model of HSV-1 infection (50, 51) was used to test the efficacy of gH-gL as a vaccine. Nineto ten-week-old BALB/c (Charles River) mice were immunized intraperitoneally with 10 g of antigen in complete Freund's adjuvant, followed by three additional 10-g doses of antigen given in incomplete Freund's adjuvant at 2-week intervals. The antigens used were purified gHt-gL produced by HL-7 cells and purified full-length gD-1 from HSV-1-infected cells (10) . Sham-immunized control animals received PBS emulsified with adjuvant at the same intervals. Mice were bled for sera between the third and fourth immunizations to test for virus neutralization. Two weeks after the last immunization, the right flank of each immunized or control animal was shaved and denuded by using a depilatory cream. Twenty-four hours later, 5 ϫ 10 5 PFU of HSV-1 was applied to the depilated flank approximately 3 mm ventral to the spinal column, and the skin was scratched with a 27-gauge needle, using 20 horizontal strokes and 20 vertical strokes over an approximate area of 3 by 3 mm. The flank was observed daily for at least 10 days, and cumulative scores for primary and secondary areas were recorded from days 3 through 8. The period of recording lesions was limited to this period due to the deaths of unprotected animals beginning at day 8. Disease at the inoculation site was scored as follows: 0 points for no disease, 0.5 point for swelling without vesicles, and 1 point each for each vesicle or scab to a maximum score of 5. Swelling and lesions in locations separate from the inoculation site were considered to be secondary or zosteriform disease. Scoring of these lesions was the same as for the inoculation site except that a daily maximal score of 10 was used.
RESULTS
To construct the HL-7 cell line, mouse L cells were cotransfected with plasmids pCMV3gH(792) (9) , which encodes gH truncated at amino acid 792 (Fig. 1) ; pCMV3gL-1 (9), which encodes the entire UL1(gL) open reading frame (Fig. 1) ; and pX343, which confers resistance to hygromycin B (1). Transfected cells were grown in the presence of hygromycin B, and clones were obtained from single surviving cells. One cell line, designated HL-7, was selected for further study. HL-7 cells exhibited normal morphology and growth kinetics (data not shown). These cells secreted significant amounts of gHt-gL which was detected on Western blots at the predicted sizes for gHt and gL (see below).
Purification and analysis of gHt-gL. gHt-gL was purified from the growth medium of HL-7 cells by immunoaffinity chromatography on an anti-gH (53S) MAb column. Purification was monitored by SDS-PAGE followed by silver staining ( ) shows that all of the secreted gL was associated with gH and both proteins bound to MAb 53S as a stable complex. Both proteins were eluted by low pH ( Fig. 2B and C, lanes 3). We estimate that the eluted complex was greater than 95% pure by silver staining ( Fig. 2A, lane 3) .
LP11 reactivity is considered to be a critical test of gH-gL conformation, since this MAb reacts with gH only when it is part of the native complex (29) . Second, LP11 neutralizes virus infectivity at high titers and therefore recognizes an immunologically important epitope (4). Purified gHt-gL was immuno- (46) . Thus, these two experiments indicate that gHt in the complex is antigenically correct. Similar studies were not done on gL, as no conformation-dependent MAbs are available. However, the complex does react by ELISA with gL MAbs which recognize linear epitopes (data not shown). gHt-gL does not inhibit virus entry. Both gH-1 and gL-1 are essential for HSV-1 penetration and cell-to-cell spread and are most likely involved in a cell fusion event (7, 8, 14, 44, 48) . However, little is known about gH-gL function or whether the proteins work individually or together with other glycoproteins to effect virus entry. Soluble forms of gD (gDt) are able to block HSV infection (31, 42, 43) . This is due to the interaction of gDt with cellular receptors such as herpesvirus entry mediator (HVEM) (40, 60) , making them unavailable to bind to gD in the virion. In contrast, soluble forms of gC-1 (gC-1t) do not block plaque formation by HSV (57) . We recently showed that gC-1t, gB-1t, and gHt-gL did not bind directly to HVEM (60). Here we asked whether soluble gHt-gL could block HSV-1 entry into cells, perhaps by binding to a different receptor than HVEM. We used an entry assay employing HSV-1(hrR3) which contains the lacZ gene under the control of the ICP6 promoter (22) . Virus entry was measured as an increase in ␤-galactosidase activity at 5 h postinfection (Fig. 4A) . As expected from previous studies (57), gC-1t did not block virus entry and served as a negative control for the assay. Fifty percent inhibition of virus entry was observed at 50 nM gD-1(306t), a result similar to that obtained in a 50% inhibition of plaque formation assay (43) . In contrast, gHt-gL did not inhibit virus entry even at protein concentrations as high as 350 nM (50 ng/l). We next asked whether gHt-gL could enhance the ability of soluble gD-1(306t) to block infection by enhancing its binding to HVEM or other gD receptors. Increasing amounts of gHt-gL were added to cells together with 40 nM gD (Fig.  4B) . At this concentration, gD inhibited virus entry by 40 to 50%. gHt-gL did not enhance the inhibition achieved with gDt alone.
Antibodies to gHt-gL block virus entry and neutralize virus infectivity. The previous experiments were inconclusive as to the role played by gH-gL in virus entry. It was previously shown that anti-gH neutralizing MAbs such as LP11 are able to block HSV infection even when added after virus attachment (18) . We argued that if the conformation of gHt-gL is close to that of the functional form in the virus, then antibodies to the complex should be able to neutralize infection and block virus entry whether added before or after virus attachment.
Rabbits were immunized with gHt-gL by using either Freund's or alum adjuvant. All four animals produced antibodies which recognized gHt and gL on a Western blot of a denaturing gel (Fig. 5A) . On a Western blot of a nondenaturing (native) gel (6), these antibodies also recognized higher -FIG. 4 . Effect of gHt-gL on HSV cell entry. Various concentrations of purified proteins gC1(457t) (gCt), gD-1(306t) (gDt), and gHt-gL were added to Vero cell monolayers in 96-well plates for 90 min at 4°C. HSV-1(hrR3) was added at an MOI of 0.5, and the plate was incubated for another 90 min at 4°C. Plates were then shifted to 37°C for 5 h. Cells were lysed, and ␤-galactosidase (␤-gal) activity was measured on aliquots of the cytoplasmic extract using the substrate CPRG and measuring the increase in absorption at 570 nm (expressed as millioptical density units a Virus entry was measured by infecting cells with HSV-1(hrR3) (22) and measuring ␤-galactosidase activity at 5 h postinfection. The neutralization titer represents the dilution of antiserum needed to reduce ␤-galactosidase activity to 50% of the maximum seen with no serum added.
b Virus infection was measured by plaque formation by HSV-1(KOS) on Vero cells, using the black plaque assay. The neutralization titer represents the dilution of antiserum needed to reduce the number of plaques to 50% of the number found on control plates with no antiserum added. molecular-weight forms (Fig. 5B) . The composition of these bands remains to be determined.
All four sera exhibited significant titers of complement-independent HSV-1 neutralizing activity (Table 1 ). In addition, these sera also neutralized HSV-2, albeit at a much reduced potency. These results indicated that the immunizing protein had biologic activity. In addition, each of the sera, when premixed with hrR3 virus, was able to block virus entry (Fig. 6A) . As a second approach, we first adsorbed the virus to cells at 4°C and then added either R83 (anti-gH), R137, or MAb LP11 to the virus-cell mixture. As expected, LP11 blocked virus entry when added after virus adsorption (Fig. 6B) . R137 had blocking activity similar to that observed for LP11, indicating that both antibodies recognized a site on gH-gL which was critical for postbinding steps in virus entry. This experiment suggests that the gHt-gL complex used to prepare R137 contains a functionally active conformation. In contrast, antibody R83 was unable to block virus entry. This was an important control for the present study because R83 had been prepared against gH purified from infected cells in such a way that it lacked gL and therefore lacked the proper biologically active conformation (46) . Thus, although we were unable to directly demonstrate blocking activity by purified gHt-gL complex, studies with rabbit antisera to gHt-gL provide indirect evidence that the complex contains the conformation necessary for function in virus infection.
Immunization of mice with gHt-gL. To further assess the ability of gHt-gL to elicit a humoral immune response, BALB/c mice were immunized with gHt-gL in two separate experiments (Table 2 ). Mice were separated into three groups in each experiment. Group 1 was sham immunized with PBS, as a negative control; group 2 was immunized with gD purified from HSV-infected cells, as a positive control; group 3 was immunized with gHt-gL. Prior to virus challenge, serum samples were obtained from each of the immunized animals. The reactivity of a pool of mouse anti-gHt-gL serum (from experiment I) was compared to that of R137 by immunoblotting. Both R137 and the mouse anti-gHt-gL reacted with gHt and gL on Western blots (Fig. 7, lanes 1 and 5) . We also compared the reactivities of rabbit and mouse sera against cytoplasmic extracts of HSV-1-and HSV-2-infected cells. Both R137 and the pooled mouse serum reacted against bands migrating at the expected positions of gH-1 and gL-1 (Fig. 7, lanes 2 and 6) . These sera also recognized the precursor forms of gH and gL. Both sera cross-reacted against bands we presume to be pgH-2 and gH-2 (Fig. 7, lanes 3 and 7) . The mouse serum also reacted with a band at the presumed position of gL-2 (Fig. 7, lane 7) . It should be noted that gL-2 is expected to be 500 Da larger than gL-1, based on predicted amino acid sequence, and gH-2 is predicted to be 700 Da smaller than gH-1. R137 reacted with two bands of 66 and 45 kDa in extracts from both infected and uninfected cells (Fig. 7, lanes 2 to 4) . Therefore, these two bands are considered to react nonspecifically with the rabbit antibody.
Sera obtained from each mouse immunized with either gD or gHt-gL exhibited high titers of virus neutralizing activity as measured by inhibition of virus entry (data for representative mice shown in Fig. 8 ). We observed that the titers were approximately 10-fold higher when animals were immunized with gD as opposed to gHt-gL.
gHt-gL protects mice from HSV-1 challenge. A zosteriform model of HSV-1 infection was used to examine the ability of gHt-gL to act as a vaccine (50, 51) . Following intraperitoneal immunization with either gD or gHt-gL, mice were challenged with HSV-1 by intradermal inoculation on the right flank (Table 2). In two separate experiments, some of the animals in each group showed some evidence of infection at the site of FIG. 6 . Blocking of HSV entry by rabbit antibodies to gHt-gL. (A) HSV-1(hrR3) was incubated for 90 min at 37°C with various concentrations of rabbit anti-gHt-gL serum R136, R137, R138, or R139, and the serum-virus mixture was added to Vero cell monolayers in a 96-well plate, incubated at 4°C for 90 min, and then incubated at 37°C for 5 h. Virus entry was assayed as an increase in ␤-galactosidase activity in cytoplasmic extracts from each well and expressed as percentages of control values obtained with virus alone. (B) HSV-1(hrR3) was added to Vero cell monolayers at 4°C for 90 min. The medium was removed, various dilutions of either R83, R137, or LP11 were added, and monolayers were incubated at 4°C for 90 min and then at 37°C for 5 h. Virus entry was assayed as described for panel A. a In experiment I, there were 10 mice in each group. One mouse in the gH-gL-immunized group of experiment I died prior to challenge. In experiment II, there were five mice in each group.
b Primary lesions developed immediately around the infection site. The primary scores were cumulative from day 3 to day 8. Score range was 0 to 5.
c Scored by the zosteriform lesions on the flank surrounding the primary infection site. The secondary scores were cumulative from days 3 to 8. Score range was 0 to 10. virus challenge (primary lesions). However, the primary lesion scores for mice immunized with either gD or gHt-gL were lower than those of sham-immunized mice. Of most significance was the finding that all of the sham-immunized mice that developed primary lesions went on to develop severe secondary zosteriform lesions. In contrast, mice immunized with either gD or with gHt-gL exhibited no secondary lesions, regardless of whether they developed any evidence of primary lesions. Furthermore, all of the immunized mice survived virus challenge, while many of the control animals (5 of 10 in experiment I and 5 of 5 in experiment II) died. These results suggest that gHt-gL purified from HL-7 cells is biologically active and should be considered as a candidate for use as a subunit vaccine against HSV-1 infection.
DISCUSSION
Structural, immunological, and functional studies of the HSV gH-gL complex have been hampered due to the lack of a suitable source of purified protein. Milligram amounts of a truncated mammalian form of HSV-1 gH-gL have now been obtained using a stably transfected L-cell line, HL-7, which secretes gHt and gL as a complex. In agreement with what we found for mammalian cells, Westra et al. (59) showed that an HSV-1 gHt-gL complex was secreted from insect cells coinfected with recombinant baculoviruses. Spaete et al. (53) showed that coexpression of a truncated form of cytomegalovirus (CMV) gH with the UL15 open reading frame gene product (the CMV homolog of HSV gL) results in association of the two proteins and secretion from a transfected cell. This issue may need to be revisited for CMV, since it was recently reported that a third protein, gp 145, coassociates with gH-gL in CMV-infected cells (28) .
Purification of the HSV-1 gHt-gL complex produced by HL-7 cells was accomplished by immunosorbent chromatography, and the complex was obtained in reasonable quantities in the absence of detergents. However, the possibility that the presumed activity of the gHt-gL complex, i.e., membranemembrane fusion, is compromised as a result of the truncation is a concern. Galdiero et al. (19) recently used site-directed mutagenesis to show that a region of gH just prior to the transmembrane region is critical for function. Several criteria suggest that the truncated soluble complex that we are studying reflects the actual structure of the complex in the virion envelope. First, the gHt-gL complex was antigenically intact, as judged by its capacity to bind to MAbs 52S and 53S, which recognize gH conformation (49) , as well as to the "gold standard" MAb LP11 (4), which recognizes conformation of the gH-gL complex (23) . The baculovirus-derived truncated form of HSV-1 gH-gL (59) also bound to these antibodies. gL conformation could not be determined since conformation-dependent MAbs to this protein are not available (9, 44, 48) . Interestingly, all of the gL found in the supernatant was complexed to gHt, arguing for some type of regulation in the secretion process of these two proteins.
gHt-gL stimulates a protective immune response. Previous attempts to immunize animals with gH alone (15, 20, 21, 46) or gL alone (3, 21) failed to induce virus neutralizing activity. These failures are now understood on the basis that an intact gH-gL complex is needed. Having demonstrated that gHt-gL can stimulate a robust humoral immune response and can protect mice from HSV-1 challenge, we are somewhat at a loss to explain the failure of other laboratories to achieve a similar result in assays using gH-gL expressed as a complex in a recombinant vaccinia virus (3). Those results are particularly puzzling since it was shown that the expressed gH-gL complex contained the LP11 epitope, considered to be an excellent prognosticator of proper gH-gL conformation (29) . One possibility is that the level of gH-gL expression was too low to induce a sufficient immune response. Another possibility is that the assay used in this study has higher sensitivity. Such a possibility would also account for the lower neutralization titers reported for gD by those authors. However, the sera from the two systems should be tested in the same assay to verify this.
This investigation shows that active immunization of rabbits or mice with HSV-1 gHt-gL purified from the culture supernatant of mammalian cell line stimulates production of neutralizing antibodies to HSV-1. These antibodies were able to block HSV entry, though the entry blocking titers for gHt-gL were not as high as those seen with antibody to gD. Moreover, although there was some cross-reaction against gH and gL of HSV-2, seen by both Western blotting and virus neutralization assays, the cross-neutralization titers were lower than those achieved against HSV-1. One might have expected more crossreactivity based on the 77% sequence homology between gH-1 and gH-2 (2, 38) . However, the fact that we found any crossreactivity is of interest because none of the MAbs available to gH-1 or gL-1 are cross-reactive and none of the polyclonal sera that we developed earlier to gH-1 cross-reacted with gH-2 (46). The cross-reactivity of the anti-gHt-gL serum was also lower than that of polyclonal anti-gD serum (11, 30) . These results point out the need to develop reagents specific for HSV-2 gH-gL. However, it is also worth noting that both the rabbit and mouse sera can be utilized to visualize gH-2 and that the mouse serum appears to be a useful reagent for detecting gL-2.
Many previous studies using gD have shown that this protein can protect a variety of animals from HSV-1 or HSV-2 challenge (5, 20, 37, 41, 56) . However, there have been no reports of studies using gD in the zosteriform model of HSV infection (50) . According to Simmons and Nash, "infection of mice in the flank leads to ganglionic infection with subsequent delivery of the virus to the skin of the whole dermatome, by nerve fibers" (50) . Mice infected by this method develop a band-like or zosteriform rash within a few days after virus inoculation. An interesting aspect of this model is that epidermal cells which are distant from where the virus is initially delivered Table 2 ). The serum-virus mixture was added to Vero cell monolayers in a 96-well plate, incubated at 4°C for 90 min, and then incubated at 37°C for 5 h. Virus entry was assayed as an increase in ␤-galactosidase activity in cytoplasmic extracts from each well and expressed as percentages of control values obtained with virus alone. (B) Same as panel A except that the sera were from mice immunized as part of experiment II ( Table 2) . Each of the sera from both experiments was assayed, and only one representative curve for each experimental group is shown. All of the sera for each group gave similar curves.
become infected via nerve endings. Thus, although the secondary lesions that develop are not the result of reactivation from latency, they mimic events that occur after reactivation. Another very appealing aspect to this model is the ease with which one can visualize the results of infection. Moreover, the model allows one to assess the effect of immunological mechanisms on modulation of infection in the epidermis after the virus spreads centrifugally from the ganglion. It is of interest that in the study by Simmons and Nash (50), neutralizing antibodies against both gD and gH (i.e., LP2 and AP7 for gD and LP11 for gH, respectively) gave excellent passive protection against zosteriform infection, whereas nonneutralizing antibodies did not. Their findings suggested that this would be an excellent model in which to test the efficacy of purified gHt-gL.
Here, we found that neither gD nor gHt-gL was able to completely protect mice from developing lesions at the site of primary inoculation, although both protein preparations ameliorated the severity of the primary disease. Significantly, prior immunization with either gD or gHt-gL gave excellent protection against development of zosteriform lesions. These data, together with the neutralization titers of anti-gHt-gL sera, are the most encouraging results seen to date regarding the potential efficacy of gHt-gL as a vaccine. The weak cross-reactivity of the anti-gHt-gL sera makes it difficult to predict whether gHt-gL from HSV-1 will be cross-protective against HSV-2. Experiments to examine this possibility and to develop a truncated form of HSV-2 gH-gL are now in progress.
What is the role of gH-gL in virus entry? At least one study shows that gH functions later in the infection process than gD (17) , and several laboratories have speculated that gH-gL functions in the fusion step of several herpesviruses between the virus envelope and the plasma membrane of the cell (8, 14, 17, 18, 39, 45, 47, 48) . The fact that gHt-gL stimulated a neutralizing antibody response is evidence that the purified complex is biologically active. How do we reconcile this result with the fact that the purified complex did not block HSV entry? The two assays are distinctly different and point out different features of gH-gL function. In order for R137 antibody to block entry, it must interact with and block a critical site on the ectodomain of virion associated gH-gL. In order for the soluble protein to block infection, it has to compete with virion associated gH-gL for a critical step, and this might not be seen if there is a marked difference in affinity between the soluble form and the virion-associated form of gH-gL for its functional partner(s) in the virus or the cell. It should be noted that the concentration of gDt needed to block infection is much higher than the concentration of neutralizing antibodies to accomplish the same goal. This is not surprising since soluble gDt must compete with virion gD for binding to receptor, whereas antibodies to gD can interfere with infection by reacting with the functional site on gD in the virus. There are several other ways to explain the failure of gHt-gL to enhance blocking by gD. One possibility is that gH-gL function requires that residues downstream of amino acid 792 be present even though these residues are not critical for LP11 conformation or for stimulating neutralizing antibody (61) . A second possibility is that a functional association between gH-gL and gD requires the simultaneous presence of gB. Experiments to explore some of these possibilities are now in progress.
We cannot rule out the possibility that a third protein complexes with gH-gL during HSV infection, as has been found for CMV (28) and Epstein-Barr virus (34) . Should such a protein exist, it might be needed for gHt-gL to block infection, but the present study predicts that should such a protein be identified, it would not be needed for proper folding and transport of gH-gL. Moreover, gHt-gL is sufficient to induce a protective immune response. Clearly, additional experiments will have to be done to further explore the role of gH-gL in HSV infection.
